Abstract: A major problem with holographic optical tweezers (HOTs) is their incompatibility with laser-based position detection methods, such as back-focal-plane interferometry (BFPI). The alternatives generally used with HOTs, like high-speed video tracking, do not offer the same spatial and temporal bandwidths. This has limited the use of this technique in precise quantitative experiments. In this paper, we present an optical trap design that combines digital holography and back-focal-plane displacement detection. We show that, with a particularly simple setup, it is possible to generate a set of multiple holographic traps and an additional static nonholographic trap with orthogonal polarizations and that they can be, therefore, easily separated for measuring positions and forces with the high positional and temporal resolutions of laser-based detection. We prove that measurements from both polarizations contain less than 1% crosstalk and that traps in our setup are harmonic within the typical range. We further tested the instrument in a DNA stretching experiment and we discuss an interesting property of this configuration: the small drift of the differential signal between traps. 
Introduction
Multiple laser beams are increasingly required in many optical trapping experiments [1] . The reasons are diverse: to manipulate multiple objects or grab large samples from several sides, to create traps with sophisticated intensity profiles [2] or to use a dual-beam geometry (either for trapping and detection or for detection alone) to reduce low-frequency instabilities [3] [4] [5] , among others.
Acousto-optic deflectors (AODs) [6] or galvano-mirrors [7] are the preferred methods for steering the laser beam in two dimensions. However, they show limitations for creating multiple traps by scanning one single laser through different positions (time-sharing), since the refreshing takes place at a limited frequency, which can produce significant position fluctuations [8] .
The other common technology is based upon spatial light modulators (SLMs) [9] . Unlike time-shared optical traps, holographic optical tweezers (HOTs) are permanent. In addition, axial control of the trapping sites is possible and sophisticated light patterns can also be generated. Since the first use of HOTs in the late 1990s, this technique has become increasingly popular for the dynamic manipulation of multiple samples [2, 10] . However, up to now its use in position and force measurements has been rather limited.
A number of authors have analyzed the characteristics and performance of holographic traps for quantitative experiments. In [11] , it was shown that the potential wells of holographic traps were harmonic within a range of a few hundred nanometers, and in [12] the associated stiffness was found to vary by only 4% over a range of 20 µm across the sample plane. Large forces have also been measured with HOTs [13] , in which the overstretching transition of double-stranded DNA (dsDNA) at 65 pN was used as a ruler. The position stability of stationary traps was found to be similar to non-holographic systems in the frequency range of 10 -10 4 Hz [14] . On the other hand, the minimum step size attainable with modulators was obtained theoretically and experimentally (~2 nm) [12, 15] and the intensity changes during trap steering, which is one of the distinctive drawbacks of HOTs, were thoroughly analyzed and minimized in [16, 17] . Algorithms for hologram calculation have been designed with very high efficiency (up to 99%) [18] , and their implementation in real time is possible, with both CPUs [19, 20] and GPUs [21] .
Nevertheless, as pointed out by Moffitt et al. [22] , the resistance found to HOTs turning into a standard technique outside their own field of application is ultimately based on the lack of a method for measuring the displacements and forces exerted on the trapped samples "that rivals the resolution and bandwidth offered by back-focal plane interferometry" [22, 23] . The typical position resolution of this method is in the order of 1 nm or less, and the sampling frequency can reach some hundreds of kilohertzs. The main alternative, high-speed video tracking, which consists of monitoring the displacements of the sample by means of a video camera, cannot yet provide the same performance, especially regarding the temporal response, typically in the order of some kilohertzs for high-speed cameras. Position resolution can be brought down to less than 1 nm using especial analysis software (such as [24] ), but the impossibility of determining relative displacements of the sample from the center of the trap complicates the force measurements. In addition, video tracking has some other important drawbacks, such as blurring [25] , off-line calibration, or the generation of large data files.
Here, we present an optical trap design that combines the wide range of possibilities of HOTs for manipulation and the measurement of positions and forces through BFPI. First, we describe the system and analyze and discuss its properties. Then, we use it in a single-molecule experiment to assess its performance and finally discuss the long-term stability of the proposed configuration.
Experimental design
Our optical trapping system is built on a commercial inverted microscope (Nikon TE2000-E). We use an infrared (1064 nm) Ytterbium fiber laser (IPG YLM-5-1064-LP) with linear polarization (see Fig. 1 ). The laser power at the sample is regulated by a half-wave plate (HWP) and a polarizing beam-splitter. A second HWP allows us to finally select the polarization of the beam illuminating the SLM (Hamamatsu X10468-03). The modulator shapes the beam so the propagation of the laser can be remotely controlled with a computer in order to create multiple traps at the sample or beams with special properties, among others. The laser is expanded with the L1-L2 telescope to slightly overfill the SLM active area (16x12 mm 2 ) , and is reduced back with the L3-L4 telescope to fill the entrance pupil of the microscope objective used to generate the optical traps (Nikon water-immersion, 60x, NA = 1.2). The same lens is used to observe the trapped particles and determine their positions with a high-speed EMCCD camera (Andor iXon3-860). Fig. 1 . Optical layout of our instrument. Alternatively (see Section 3.4), the setup could be reconfigured for comparison purposes, using additional optics (right-hand side) to split the beam by polarization. As a result, two traps with orthogonal polarizations were generated without resorting to the SLM.
The setup also includes a BFPI system for detection of positions and forces. However, the trapping laser cannot be used to detect the position of individual particles when several holographic traps are simultaneously active. In BFPI, the light from the trapping laser is scattered by the sample and collected by a lens (typically the illumination condenser of the microscope, L5 in Fig. 1 ). The light pattern at the back focal plane (BFP) of this lens is projected by means of an additional lens (L6) onto a position detector that finally provides a voltage proportional to the sample displacement and, eventually, to the optical force [23] . However, light from multiple traps in a conventional HOT system cannot be separated at the BFP of the collection lens, where all the scattered light merges into a single intensity pattern.
In general, a possible solution to discriminate the contribution from several traps is to label them using different polarizations and set a polarizer in front of the detector to isolate the light from one of them. Although only orthogonal polarizations can be used, the solution covers a wide range of multiple-trap experiments in which precise force measurements are required [26] [27] [28] . In these experiments, a set of traps with a common linear polarization are used only for manipulation whereas an additional trap with crossed polarization is used for both manipulation and detection. We propose here a procedure by which an SLM easily generates these two sets of orthogonally polarized traps, making compatible the use of HOTs with BFP displacement detection.
Fig. 2. (a)
In the LC display, the molecules change their orientation when a voltage is applied to them. (b) For our SLM, the LC molecules tilt in a plane parallel to the optical table, which determines the direction of the extraordinary refractive index. The ordinary axis is perpendicular to it. When a linearly polarized beam oscillating with a certain angle, α, impinges on the LC, the phase of the component parallel to the table is controlled by the orientation of the molecules, since the effective refractive index of the material n E (V) depends on the voltage V through the tilt (this is the normal mode of operation). In contrast, any perpendicular component always sees the same refractive index, n O , which is independent of the applied voltage. In consequence, after the SLM, the laser is split into two different beams: a pure holographic (modulated) and a pure non-holographic (unmodulated) beam.
Phase-only modulators commonly used in optical trapping are liquid crystal on silicon (LCoS) devices. They contain a cell full of a uniaxial nematic liquid crystal (LC) material. The LC is made of a viscous suspension of anisotropic molecules with an optic axis that defines two different refractive indexes in the medium: the (o)rdinary and the (e)xtraordinary (see Fig. 2(a) ); while the extraordinary refractive index depends on the angle between the optic axis and the direction of light propagation, the ordinary refractive index is always the same. When a voltage is applied between the two faces of the cell, the orientation of the molecules changes and, with it, the optic axis. This causes a change in the extraordinary refractive index, n E , while the ordinary index, n O , remains constant. By varying the voltage, the effective optical length traveled by the light linearly polarized in the direction of the extraordinary axis can be controlled locally or, in other words, we can modulate the phase of the incoming wavefront. This corresponds to the normal operation of the device. However, light linearly polarized in the perpendicular direction travels through the LC cell with the ordinary refractive index, which is the same regardless of the orientation of the molecules. Any component of light with this polarization is reflected off the SLM, as in a mirror.
By using a linearly polarized laser oscillating at a certain angle (α) to the extraordinary axis, we generate two components labeled with orthogonal polarizations: a holographic term, modulated by the SLM, and a stationary non-holographic component located at the zero order (see Fig. 2(b) ). A half-wave plate (HWP) in front of the SLM is used to regulate the ratio of laser powers between these two components. Light modulated by the SLM can still steer the beam three-dimensionally to create one trap or to generate multiple traps or other patterns for complex manipulation. The laser, after impinging on the SLM, is focused by the microscope objective and creates two sets of traps with perpendicular polarizations. After interacting with the samples, the laser is collected by the condenser lens. Now, the contribution from the centered, zero-order trap can be separated from the rest by means of a linear polarizer located in front of the photodetector, and BFPI can be used to measure the sample displacement in that trap. It should be emphasized that this zero-order trap is deliberately created by us with crossed polarization and controlled intensity. It is, therefore, different from the unmodulated spot that arises due to the limited diffraction efficiency of the SLM, which is commonly filtered out or otherwise suppressed [29] . As this unmodulated spot of light has the same polarization as holographic traps, it cannot be used for measuring purposes.
Our system for BFP detection has been described in detail in [30] . In short, positions of the trapped bead are measured in the BFP of the illumination condenser of the microscope (Nikon, oil-immersion, NA = 1.4) with a position sensitive detector (PSD, Thorlabs, PDP90A) (see Fig. 3 ). A dichroic mirror deflects the infrared beam toward the PSD while keeping the illumination capabilities of the condenser. A relay lens group after the mirror images the light pattern at the BFP of the collecting lens onto the detector. A linear polarizer (analyzer) finally selects the desired polarization for detection. In a two-trap setup, we can easily observe at the BFP that the information on each trap is available by choosing the corresponding polarization. For example, when the transmission axis of the analyzer is set parallel to the polarization of the non-holographic trap, which is holding a bead, and we leave the holographic beam empty, a typical BFP circular interference pattern shows up [31] (see Fig. 3(a) ). In contrast, if the analyzer is set perpendicularly (see Fig. 3(b) ), the BFP pattern corresponds to that of the laser alone, as expected (a uniform disk). This indicates that the two traps have rather pure polarizations and can be effectively separated. Any intermediate angle shows typical Young interference fringes (see Fig. 3(c) ) arising from the superposition of the two traps' projections. Similar results are obtained when the microsphere is held in the holographic trap.
In our setup, the position measurements are carried out with the non-holographic trap, since only one detector is available. This beam is static as it is not modulated by the SLM: it cannot be moved during the experiments. The remaining traps display typical HOT functionality and can be modulated as usual. An alternative configuration that we have not yet tested is to use the non-modulated, ordinary light beam for detection only, reducing its power and creating a holographic trap at the same position for manipulation. This solution is akin to that used in some experiments where an auxiliary, weaker laser spot with a different wavelength is used to interrogate the sample position [4] .
DNA preparation protocol
We carried out a DNA-stretching experiment for testing the instrument (Section 3.3). The purification of DNA, its labeling with biotin and digoxigenin and the coating of the beads with streptavidin (SA) and anti-digoxigenin (AD) are explained elsewhere [13] . The DNA, at a concentration of 0.7 nM, was incubated for one hour with the AD beads (2.1 µm) at room temperature before each experiment. The ratio of DNA molecules per bead was set to 80 DNA / bead to improve the frequency of DNA tethering. Finally, the beads were incubated with 12 mg/ml bovine serum albumin (BSA) for 20 minutes to block non-specific interactions during the experiment, and were washed a couple of times to remove the unbound BSA. Likewise, the flow chamber was incubated at the same BSA concentration for 20 minutes to avoid undesired interactions between the beads and the glass walls.
Experiments were performed in a commercial flow chamber (Warner Instruments RC-30WA) filled with a specific buffer solution (150 mM NaCl, 10 mM Tris and 1 mM EDTA, pH 8.0) to observe the DNA overstretching at 65 pN [32].
Analysis of the system
In this section, we first analyze the crosstalk between traps for a number of holographic spots. Then, we explore the effect of optical aberrations of the non-modulated beam on trapping efficiency. For comparison with previous results [13], we use the system to stretch single dsDNA molecules, and, finally, we explore the stability of the differential signal between two traps at low frequencies.
Crosstalk
In common holographic schemes, all traps have the same polarization, corresponding to the extraordinary axis of the birefringent LC molecules. When the laser beams are collected by the condenser lens, light comes together at the BFP and amalgamates into a complex pattern caused by the multiple beam interferences. The intensity distribution no longer provides information about the position of individual objects. In our system, the use of the extra, nonmodulated trap with crossed polarization avoids contamination of the detector reading by spurious light from the other holographic traps. However, as found by [33] , some depolarization can be observed for large angles (corresponding to the periphery of the light patterns) and gives a certain crosstalk level. In our instrument, we recorded the PSD voltage from an empty non-holographic trap when a 1.87-µm bead fixed to the coverslip was scanned across the holographic trap (see arrow in Fig. 4(a) , red curve), and found the maximum to be 0.5% of the position signal obtained when the bead was moved across the non-holographic trap instead (see Fig. 4(a) , black curve). As crosstalk depends on the relative laser power between the two polarizations, when several holographic traps were created, crosstalk was found proportional to the number of extra traps (see Fig. 4(a), inset) . Fig. 4 . Analysis of the crosstalk between traps. (a) BFPI signal when the analyzer is set to record the non-holographic light that we use for position detection, and the bead is first moved across this non-holographic (OT) trap (black curve) and then across the holographic (HOT) one (red curve). The level of crosstalk is proportional to the number of traps (inset). (b) The BFP pattern of an empty trap when the analyzer selects the complementary polarization is an almost constant dark disk with NA = 1.2, which corresponds to the NA of the trapping objective (the acceptance angle of the condenser extends further to NA = 1.4). The pattern shows the effect of depolarization, mainly at large angles, close to the edges. If the effective NA of the condenser is reduced from 1.4 to 0.7-0.8 using an iris (dotted circle), the crosstalk decreases drastically as the amount of depolarized light within this region is insignificant. This improves the position signal and was the configuration used for the experiment.
In the experiment, we limited the numerical aperture of the condenser lens used to collect the light scattered by the sample to an effective value of about 0.75 (using an iris placed at its BFP), which is sufficient for accurate BFPI position measurements. The effective NA of the collecting lens when the iris was used was determined by calibrating the BFP to convert positions to NA as detailed in [31] (see Fig. 4(b) ). Depolarization takes place more strongly at large angles and shows up at the BFP of the collecting lens as a cross-shaped pattern with four bright lobes at the edges [33] . With a 1.4-NA condenser, when the whole BFP pattern was projected onto the detector, crosstalk increased from 0.5% to >3% per extra trap and was no longer a negligible effect. Therefore, especially if our system is used with several holographic traps or if the non-holographic term is generated with relatively low laser power, it is advisable to limit the numerical aperture of the condenser.
On the other hand, the presence of unmodulated light coming from the limited efficiency of the SLM (typically a small fraction of the total laser power) does not alter the position measurements, despite that this light interacts with the sample. This effect is already taken into account in the bead displacement calibration as long as it remains more or less constant.
Trap harmonicity
We calibrated the traps through the analysis of the thermal motion of trapped samples to determine the potential well created by the light, especially in the non-holographic focus (see Fig. 5 ). The bead used for calibration was 1.87 µm in diameter and the laser power at the sample was 40 mW. This trap was not corrected for the aberrations introduced by the SLM, so, in principle, astigmatism or spherical aberration induced by the back-plane of the device could degrade the linear relation between force and position or could even make the trapping impossible [34]. Astigmatism typically shows up as a decrease in trap stiffness, especially in the axial direction, and as a strong radial asymmetry of the intensity profile, which translates into clearly different values of k x and k y . We found, however, no significant differences in the distribution of positions of the trapped particle along x and y for our SLM (see Fig. 5(b) ). Furthermore, the reconstructed potential followed a perfect parabola, U = ½ (k x x 2 + k y y 2 ). We also found a good agreement between the experimental power spectra and the predicted theory when different calibration effects were taken into account [36], obtaining similar spring constants in the two directions (see Fig. 5(c) ), k x = 1.21 ± 0.09 pN/µm·mW and k y = 1.52 ± 0.11 pN/µm·mW, and in consonance with the reported values for non-aberrated traps [37] . As expected, we obtained less stiffness in the axial direction, k z = 0.35 ± 0.03 pN/µm·mW, since it is always the weaker axis [37], but there were no notable differences with the transverse components. This indicates both small astigmatism and spherical aberration.
The holographic trap also showed harmonic behavior within the range of positions that the sample visited during calibration. In addition, the power spectrum for each polarization did not seem affected by the presence of an extra trap with perpendicular polarization, indicating low crosstalk between measurements (see Fig. 5(d)) .
We tested the quality of the non-modulated trap in an optical setup that uses a different SLM of the same series (Hamamatsu X10468-03). We found similar results in trapping stability; and the manipulation of microspheres did not seem to be compromised by the aberrations of this second modulator, either. The nominal optical flatness of this device was worse, but by examining the shape of the non-modulated spot in the alignment procedure during the construction of the setup, we managed to compensate the aberrations of the SLM with other optical elements. When aberrations make the trapping with the non-modulated spot difficult, one could always add a static correction hologram, similar to those used in [38] . Another possibility is to add to the set of holographic traps another corrected, modulated trap at the zero order for manipulation, and to use light of the non-holographic component for position detection only.
Experiment: DNA stretching
The system was further analyzed through an experiment consisting in stretching dsDNA molecules [39] . In particular, we examined the effect of SLM aberrations at high forces and the mutual interference between traps. The use of DNA as a metrology standard has been demonstrated in previous studies, which followed different strategies with satisfactory results [13, 40] . The well-known elastic properties of this molecule provide a perfect test bench for an optical trapping system. Single 11.7-kbp-long molecules labeled with biotin and digoxigenin were attached by their ends to two different microspheres (coated with streptavidin and anti-digoxigenin, respectively) and were stretched as the force and separation of the two ends were recorded. Two types of beads with different sizes (2.1 μm and 3.17 μm) were used in the experiments in order to visually identify the labels. We used the large spheres to monitor the force with the non-holographic trap, and the small beads were held in the steered beam. Steps of different sizes were used along the curve (100 nm and 20 nm), so that it was more densely sampled for separations of the beads close to the contour length of the molecule (L c = 3.96 µm). The laser power of the non-holographic trap was around 110 mW and the recording frequency 15 kHz. . When the molecule is further stretched beyond L c , the backbone undergoes a structural transition due to the conversion from double-stranded to single-stranded DNA [42] , and the characteristic overstretching plateau [32] shows up (see Fig. 6(a), inset) . The high forces achieved in this experiment indicate that the aberrations of the SLM backplane are not significant enough to degrade the non-holographic trap performance.
The separation of the two beams into orthogonal polarizations overcomes some issues observed in a prior holographic experiment. As our dumbbell did not show crosstalk between traps, no modulations were observed in the force, as opposed to the results in [13] . In contrast, we observed noisier traces at high forces. Oscillations of 1 pN, similar to those observed in [42] , were seen. Although they are comparable to those reported in [13], we believe that they have different origins since no such modulations were observed at low forces. We also observed peaks at high forces, which seemed to be caused by the hologram update. The HOT response is ultimately limited by the refreshing rate of the modulator. During this "dead time" the SLM is not correctly modulating the beam and the intensity at the sample drops. If an external force is being applied, the bead is pulled away for a short period of time (tens of milliseconds) [43] before the hologram is displayed back on the LC (see Fig. 6(b) ).
Long-term stability
Among the possibilities that multiple-beam systems offer, the dumbbell configuration has emerged in recent years as a promising advance that pushes the position resolution of optical traps down to the subnanometer level by reducing low-frequency noise. Different strategies have been put forward for enhancing long-term stability. In 2004, Nugent-Glandorff and Perkins [3] used an auxiliary beam as a fiducial mark to eliminate the drift introduced by the microscope stage. Abbondanzieri et al., following a different approach [4] , suspended the sample in a dual-trap system to eliminate the drift and filled the laser path with helium. In combination with a force-clamp, they achieved a resolution in position better than 1 Å. With a similar configuration, Moffitt et al. reduced the difference in path length between the two laser beams and used the correlations from the two trapped samples to reduce the long-term noise to a similar level [5] .
In all these experiments, the most common option to build the dual-beam system was to divide the laser by means of polarization [4, 5] . The use of electro-optic devices to create the multiple beams, such as AODs or SLMs, is usually avoided since they can introduce additional sources of noise.
However, systems based on these technologies presumably share a large long-term stability of the differential position between traps due to an inherent common optical path design. For example, two optical traps generated by an SLM can be thought of as encoded into a single complex wavefront that divides into two foci only after being focused by the objective, with essentially zero optical path difference between them. A difference in the optical path length which is nominally zero should lead to a perfect constant separation between traps regardless of environmental conditions. This property has been barely explored likely due to the existence of other important limitations: in the time-shared approach, the oscillations introduced by the limited refresh time of the laser when scanned through all the traps and, in HOTs, the lack of a method comparable to BFPI to measure positions and forces, among others.
The stability of the differential signal of two holographic traps was analyzed in [44] . Following a similar procedure, we explore here the difference in stability between a dual-trap system constructed using two different methods: separating the laser by polarization and using our trapping scheme. We recorded the motion of two trapped beads (2.19 µm) with a highspeed camera at 2 kHz to explore the long-term stability in both cases.
In our holographic dumbbell, the instability of the position over a 75-s measurement decreased from 15 nm to 2 nm peak-to-peak when we analyzed the differential signal instead of the single traps separately (see Fig. 7 ). These results are comparable to those with more sophisticated designs, although no special experimental requirements were needed in our case. We used the Allan variance [45] of the series to obtain greater insight into the long-term stability of the system. This technique has been widely used to analyze the stability of atomic clocks [46] .
Brownian noise dominates the sample motion only for high frequencies. Other sources of noise, such as air currents or microscope drifts, dominate below 10 Hz, giving a deviation of ~2 nm for the 75-s measurements. This result would lead to large errors if the second bead was stuck to the coverslip or held by a micropipette. However, when the position of this trap is compared with the position of its twin trap, we observed that the Allan variance is much smaller, reaching a minimum value of 0.24 nm. When we compare the stability results with those obtained with the dumbbell built by physically splitting the laser into two beams and rotating 90° the polarization of one of them (experimental layout on the right-hand side of Fig. 1 ), we observe that the distance between beads shows greater fluctuation under similar conditions (see Fig. 7(c) ). Low-frequency noise increases from 2 nm peak-to-peak to more than 10 nm. Although we tried to make the system as compact as possible, this is due to the difference in the optical paths now followed by the two lasers. Mechanical disturbances, such as vibrations of the optical elements or air currents, affected the two beams in different ways and gave rise to small differences in the positions of the traps.
Discussion and conclusions
HOTs have been scarcely used in precise force measurement experiments. The use of highspeed cameras [25, 44] has been accepted as adequate for particle tracking and force determination when more than one trap is in use. However, at present, BFPI is still notoriously superior regarding spatial and temporal bandwidths. In this study, we propose to utilize non-modulated light propagating through the ordinary SLM axis for the generation of a fixed trap with perpendicular polarization with respect to the set of dynamic, holographic traps. Light from the extra trap can be isolated from the rest with little crosstalk and be used for BFP interferometric position detection.
Although we have discussed how several useful experimental geometries can be implemented through this approach, our setup is nevertheless somewhat rigid, as force measurements can only be done on one of the traps, which is furthermore necessarily static.
The creation of traps or patterns with arbitrary polarizations was demonstrated elsewhere [47] [48] [49] [50] for other purposes. In theory, those systems would allow selection of any of the holographic traps and the taking of BFPI measurements at any site, in the presence of other traps designed with orthogonal polarizations. Therefore, problems derived from aberrations in the non-modulated, zero-order trap, for example, would be avoided easily. However, the experimental setups providing such flexibility are more complex than ours. They involve employment of two modulators [49] , a single modulator in a double-pass scheme [48, 50] or one in a split-screen configuration [47] , at the expense of increasing costs or reducing spatial resolution. In addition, since very precise pixel-to-pixel alignment is required and stability is plausibly worsened, they are not necessarily suitable for the kind of applications that we have discussed.
The solution proposed in this study is very simple, both conceptually and experimentally, as it uses the same setup and algorithms of common HOTs. We achieved nanometer longterm stability with a pair of traps that had crossed polarizations. We also successfully applied and measured large forces in a single molecule-stretching experiment to demonstrate the performance of our system.
